Generating entangled photon pairs from a cavity-QED system 
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We propose a scheme for the controlled generation of Einstein-Podosky-Rosen (EPR) entangled 
photon pairs from an atom coupled to a high Q optical cavity, extending the prototype system as 
a source for deterministic single photons. A thorough theoretical analysis confirms the promising 
operating conditions of our scheme as afforded by currently available experimental setups. Our 
result demonstrates the cavity QED system as an efficient and effective source for entangled photon 
pairs, and shines new light on its important role in quantum information science. 
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In the Schrodinger picture, a quantum state of a sys- 
tem represents all the knowledge we can obtain. For a 
composite system, its wave function or density matrix 
describes not only the state of each part, but also the 
correlations between the different parts. The notion of 
entanglement of a quantum state for a composite sys- 
tem describes the inseparable correlations between dif- 
ferent parts that are beyond the classical domain. It has 
been widely attributed that entanglement is a valuable 
resource for quantum computing and quantum informa- 
tion. Many current efforts are directed on the controlled 
generation and detection of entangled states. 

Paradoxically, almost all states of composite systems 
in nature are entangled, as a result of interactions among 
different system parts. The more useful entangled states, 
are those that can be easily and economically manipu- 
lated as in a coupled system of many qubits. They are 
the so-called Einstein-Podosky-Rosen (EPR) state of two 
qubits Greenberger-Horne-Zeilinger (GHZ) state Q 
and W state 0] of three qubits, maximally entangled 
states [H and cluster states [f| of many qubits, • ••. The 
simplest of them is the EPR state. In a two qubit (spin- 
1/2) system, it is commonly denoted as 



|EPR> 



1 



V2 



(IT>i|4>2-|4>i|T> 2 ), 



(i) 



and displays maximal entanglement. In general, indices 
1 and 2 refer to the two qubits, and in our scheme they 
refer to the first and second emitted cavity photons. 

Among all physical realizations of qubits, photons are 
especially useful as they can be directly used for quantum 
communication. The standard process to produce entan- 
gled photon pairs uses nonlinear optical crystals in the 
so-called parametric down-conversion process, where a 
single pump photon spontaneously decays into an entan- 
gled pair composed of a signal and an idler photon [^, 0] • 
Despite improvement over the years with brighter sources 
for parametric down converted photons, inherently, the 
pump photon decay process is stochastic, thus coinci- 
dence counting has to be used. In this paper, we pro- 
pose a scheme for deterministically generating entangled 



photon pairs from an atom coupled to a high Q optical 
cavity. Our work is prompted by the rapid development 
of a deterministic single photon source with a trap ped 
ion/atom in a high Q optical cavity [1,0, 03, 11, 12, 13j 
and the recent theory for atom-photon entanglement gen- 
eration and distribution 14]. To our knowledge, this is 



the first proposal for deterministically generating EPR 
photon pairs from a single atom in a cavity. 

Cavity QED is a unique architecture for implementing 
quantum computing technology as it allows for coher- 
ent exchange of quantum information between material 
qubits (atoms/ions) and photonic qubits. However, it is 
a daunting task to reach this goal as this requires a co- 
herent light-matter coupling at the single photon level, 
or the so-called strong coupling limit. Several important 
quantum logic protocols have been developed within this 
limit that forms the basis of the ongoing experimental 
efforts for quantum computing and communication with 
cavity QED systems 11, 12, TH, 13]. Another important 
application of cavity QED is the "photon gun" protocol, 
whereby a single atom leads to a deterministic cavity 
photon in the bad cavity limit 0]. 
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FIG. 1: (Color online) . The illustration of the proposed cavity 
QED setup. 

The experimental setup for our system is sketched in 
Fig. [TJ As an atom falls through an optical cavity, it 
interacts first with the cavity mode field, then with a 
classical pump field 7r-polarized with respect to the cav- 
ity axis and propagating along a perpendicular direction. 
We utilize two orthogonal polarizations of the same res- 



2 



onant cavity mode and assume the atomic levels to be 
that of a F = 1 ^ F' = 1 transition as shown in Fig. 
[2J Each Zeeman state is denoted as \Fm F ), further sim- 
plified as \g mF ) — \Fm F ) and \e m , ) = \F'mp>). Simi- 



lar model systems were invoked previously in Ref. 17j, 
where Lange et at proposed a scheme for generating 
GHZ pho ton multiplets by an adiabatic passage and in 
Refs. [II USB, 

where the entanglement of two modes 
in one or two cavities were investigated. 
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FIG. 2: (Color online). The proposed coupling scheme: the 
vertical dot-dashed lines denote the 7r-polarized pump field, 
while the tilted lines denote the left (dotted lines for cr~) and 
right (dashed lines for a + ) polarized cavity fields. The various 
CG coefficients are also indicated. 



We assume an initially empty cavity and prepare the 
atom in state |eo) before it enters the cavity mode 21 1. 
The atom's passage through the cavity can now be di- 
vided into two parts. In the first part, the atom only 
interact with the cavity mode, and does not enter the 
area of the 7r-polarizcd pump field. Thus, the excited 
atom emits a first photon, entangled with the atom in 
ground states as discussed before [1J]. In the second 
part, the atom is subsequently excited by the pump, and 
emits a second photon and swaps its entanglement with 
the first photon (already outside the cavity) to the second 
photon. The whole process now generates an entangled 
photon pair. We now analyze the above protocol includ- 
ing both atomic and cavity decays. In the interaction 
picture to the Hamiltonian 



H = hu! C ^ \e mF ,)(e„ lF , | + Tiuj c {a\a L + a R a R ) (2) 



ra F ! 



of the atom plus the cavity, our system dynamics is gov- 
erned by H = Hi + H2 , with 

H x = -nAj2\e mF ,){em Fl \ + ln[Q(t)A\ Q + h.c.},(3) 



H 2 = -hg(t)(A\ iaR + A\_ iaL + /i.e.), 



where the second term of Hi is from the interaction of the 
atom with the pump, and Hi denotes the interaction of 
the atom with the left and right circular polarized cavity 



modes. A = luq — is the detuning and for simplicity 
the pump field is assumed to be resonant with the cavity. 
The atom field coupling coefficients are 



g(t) = -£(R){F'\\di\\F), 
Q(t) = -E(R)(F'\\di\\F), 



(5) 
(6) 



where (F"||<ii||F) is the reduced dipole matrix element 
according to the Wigner-Eckart theorem, £{R) and E(R) 
are respectively the spatial profiles of the cavity mode 
and the pump field. The atomic raising operators are 
defined as 

A\ q = (F'm F i\Fm F lq)\F'm F ,)(Fm F \. (7) 

mp ,m F i 

According to the previous prescription, the interaction 
parameters take the following time dependence 



g(t) = gh(t)h(T-t), 
tt(t) = tth(t-ti)h(t 2 



t), 



(8) 
(9) 



with the heaviside step function h(t) = for t < and 
h(t) = 1 for t > 0. The different times have the following 
meaning: the atom enters the cavity at time 0, arrives at 
the pump laser at time ti, leaves the pump at time t 2 , 
and finally exits the cavity at time T. 

Dissipations are essential to our protocol as they al- 
low the excited atom to decay and the cavity photons 
to emit. Their effects on the dynamics can be included 
straightforwardly using a master equation 



p=-i[H,p} + Dp + Cp, 
where the cavity and atom dissipative terms are 



(10) 



Dp = k (2a^pa| — a^a^p — pa^a^), (11) 
Cp = 



£=R,L 

I J2(2Ai qP A\ q - A\ q A XqP - P A\ q Ai q ). (12) 



2k is the one side decay rate of the cavity, while the 
other side of the cavity is assumed perfectly reflecting. 
7 is the decay rate for the atomic excited state \e mF , ). 
In a more complete model study, we have constructed 
the wave function for the system including the free fields 
outside cavity. We find that our results are completely 
verified within the rotating wave approximation [22j. 

The initial state of our system is now \i^(0)) — 
|eo,0L,0fl), and the rate of cavity photon emission with 
polarization £ at time t is p^(t) = 2K(a^(t)a^(t)) . The 
probability of cavity photon emission is then P^(t) = 
(4) 2k f Q dt' {a^(t')a^(t')) . We require that the cavity pho- 
ton emit quickly as soon as it is generated, thus the pre- 
ferred operating condition is close to the bad cavity limit 
(7 g 2 / K k) as for a single photon source 



avity 1 
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14. 



In fact, we find it is desirable to operate with k ~ g ^> 7, 



3 



a compromise of the bad cavity with the strong coupling 
limit due to the necessity of coherently pumping the atom 
to the excited state for a second photon. 

To gain more insight, we describe the dynamic evolu- 
tion using the non-Hermitian effective Hamiltonian 

H eS = H - in(a\a L + a R a R ) - i - ^ |e g )(e g |. (13) 

9 

Such an approach is appropriate as re-excitations of the 
decayed atom due to emitted photons are negligible, and 
re-absorptions of the cavity photons can be neglected due 
to their fast decays to outside the cavity. For t £ [0, ti], 
the system state is approximately 

|^(t)) = do(t)|eo,Oi,0 Ji ) + c_i(t)|ff_i,0£,lji) 

+ Cl (t)\ gi ,l L ,0 R ). (14) 

The effective Schrodinger equation becomes 

do(t) 
l dt \ c -f 

- Cl(f) 

which leads to the solution 
c x {t) 




ig e Slt - e S2t 
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S2 



(15) 



on making use of the property Ci(t) = — c_i(t). s\ and 
S2 are the roots of equation 



2s 2 



(2k + 7 - i2A) s + 7K + 2# 2 - «2kA = 0. (16) 



where an identical coupling is assumed for both polar- 
ization modes, thus pii(t) = pt{t) = 2n\ci(t)\ 2 . When 
the duration before the pump excitation is so long that 
the excited atom (in |eo)) completely decays into ground 
states and the cavity photon completely leaks out, the 
final state of the atom plus the cavity modes becomes 

p{h) = -Is-i.Oz.ObXs-i.Ol.OhI 

+ ^l.9i,0 L ,0 fl )< 5l ,0 L ,0 fl |, (17) 

as the first photon is traced out after emitted into modes 
outside the cavity. 

For t e (ti,t2], the initial state (|17|) is now completely 
mixed, so we can evolve its different decompositions re- 
spectively. In the first case for |?/>(£i)) = \gi, Ql, Qr), the 
state can be approximately expanded as 

Mt)) = di(t)\e u L ,0 R ) + c {t)\g ,0 L ,l R ) 

+ci(t)\gi,0 L ,0 R ), (18) 

and governed by an effective Schrodinger equation 
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ci(t) 




The solutions for di(t) and co(t) are again analytic and 
expressed in terms of the roots si, S2, and S3 of equation 

2s 3 + (2K + 7-i2A)s 2 

+ (n 2 + Kj + g 2 -i2AK,)s + n 2 n = 0. (19) 

Finally after the atom passes through the 7r-polarized 
pump field, we find 

Co(t) = c (t 2 ) ( S -±^H e s ^-^ + S -l^e s ^ 
\si-s 2 s 2 — si 

where s x and S2 are the roots of equation 

2s 2 + (2k + 7 - i2A) s + g 2 + K7 - «2kA = 0, (20) 

and S3 = — 7/2+iA — igV2di(t2)/[2co(t2}]- The emission 
rate of a second photon with right circular polarization 
during [ii,T] is therefore p R (t) = K|co(i)| 2 . 
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FIG. 3: (Color online). The emission rate of a cavity photon 
with left circular polarization at time t based on solving (a) 
the master equation (I10|l ; and (b) the analytic solution to the 
non-Hermitian Hamiltonian (|13p . 

We now compare the above analytical analysis with nu- 
merical solutions from the master equation (|10|) and the 
effective non-Hermitian Hamiltonian (113|) . For the pa- 
rameter ranges considered, the two numerical approaches 
give the same results as the analytical one. We find a 
high fidelity EPR entangled photon pair of the form ([!]) 
(f — > 1 l and 1 R ) is generated with a high efficiency. 
Like nonclassical photon pairs from an atomic ensem- 
ble [IK , these two photons are distinguishable from their 
temporal order 24 1, and can be individually addressed 
to confirm their EPR correlation. 

In the numerical results shown, we have used dimen- 
sionless parameters A = 0, g — 1.0, 7 = 0.01, k = 1.2, 
Q = 1.2, h = 14, t 2 = 16, and T = 25. Such a set 
of parameters can be realized for corresponding physical 
parameters of 7 = (2tt) 0.2 (MHz), g = (2tt) 20 (MHz), 
K = (2tt) 24 (MHz), and T = 200 (nsj [14]. In Fig. two 
single photon pulses are seen to be emitted sequentially 
from the cavity. The results from the two numerical ap- 
proaches agree well with each other. In Fig. [4{a), the 
probability of generating these two single photons are 
displayed. We see that they are better than 98%. In 
Fig. Eth) , the occupations of different atomic states are 
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FIG. 4: (Color online), (a) The probability of the first and 
second photon emission Pi(t) and Pzit)', (b) The time depen- 
dent atomic state populations. 



ity of the parametric down conversion is rather weak and 
due to many atoms (emitters), in contrast to the strong 
resonant interaction of a single atom as utilized here in a 
cavity QED. Thus the down converted photon pairs are 
inherently probabilistic. If p (small) is the probability of 
a single photon pair, double pairs, triple pairs • • •, occur 



with (smaller) probabilities p , p 



In our scheme, 



however, the photon pair is deterministic. Each passing 
atom leads to a single pair, as in a push-button device. 

We thank Dr. M.S. Chapman for helpful discussions. 
This work is supported by NSF and NSFC. 



shown. Exactly as expected, the first photon is gener- 
ated from the decay of state |eo) to \gi) or |<7_i); and the 
second photon is generated from each of these two states 
when pumped by the 7r-polarized laser. 

Based on our extensive simulation with other parame- 
ters, we hope to emphasize three points [251 ] - First there 
exists an optimal k, which leads to the fastest photon 
emission. When n <§C g, oscillations emerge, a signature 
of the strong coupling. When n ^> g, the probability of 
emission actually decays linearly and the emission time 
becomes longer because of the increased bandwidth of the 
cavity, thus correspondingly reduced emission strength of 
the atom into the cavity. Second there is also an optimal 
time for the atom to pass the pump laser. When that du- 
ration is too short, the atom cannot be completely emp- 
tied from states \gi) and |<7-i). However, if it is too long, 
oscillations between states |e±i) and \g±i) arise. More 
conveniently, it will be desirable to use a trapped atom 
inside the cavity [26j |. and replace the transit time over 
the pump region with a temporal pump pulse. Third, 
the probability of generating the first photon depends on 
the atomic decay rate 7. One solution to overcome such 
a dependence is to use an auxiliary starting state and 
an additional laser coupled to state \eo) as in the single 
photon source protocol 

@, M, El- The 7r-polarization 
laser then is applied to swap this entanglement from the 
atom to the second cavity photon. The entanglement of 
the emitted photon pairs can be easily detected from po- 
larization correlations between the 1st and 2nd photons 
using a time resolved detection scheme 24). 

Finally, we want to emphasize that dissipations are 
crucial in our protocol, not only because they lead to the 
output of cavity photons. Without dissipations, the atom 
cannot enter the state \go), because the quantum ampli- 
tudes for the two paths (|eo) — > |<7-i) ~* l e -i) ~~ > Iso) 
and |eo) — ► |<?i) — > |ei) — * \go)) interfere destructively. 
This balance is broken due to dissipations. 

In summary, we have proposed a simple but efficient 
scheme to deterministically generate EPR entangled pho- 
ton pairs from an atom coupled to a high Q optical cavity. 
Our scheme has the potential for realizing a deterministic 
source for entangled photon pairs. The optical nonlinear- 
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